Abstract. Human immunodeficiency virus type 1 (HIV-1) replication is suppressed by a small guide RNA (sgRNA) that targets the packaging signal of HIV-1 RNA. We unintentionally produced a plasmid with the reverse sequence of the sgRNA and its terminator (pR-Ψ-sgRNA-ter). Both sgRNA and R-Ψ-sgRNA suppress HIV-1, but the mechanism by which R-Ψ-sgRNA suppresses HIV is not clear. To evaluate whether the suppressive effect is caused by an RNA interference or microRNA (miRNA)-like mechanism, R-Ψ-sgRNA was synthesized in vitro and treated with the Dicer enzyme, an important enzyme for RNA interference and miRNA. The RNA was cleaved into fragments of approximately 24 nucleotides (nt). We analyzed the sequence of the RNA fragments and predicted the RNA secondary structure of R-Ψ-sgRNA to determine the region recognized by the Dicer enzyme. The lengths of the R-Ψ-sgRNA fragments ranged from 48 to 140 nt, and were predicted to form double strands, including mismatches, in this region. An HIV-1 p24 assay indicated that the R-Ψ-sgRNA fragments suppressed HIV-1 replication. These findings suggest that R-Ψ-sgRNA acts as a miRNA to inhibit HIV-1.
Introduction
RNA interference (RNAi) refers to the sequence-specific degradation of RNA that follows the cellular introduction of homologous, short interfering RNA (siRNA) (1) (2) (3) (4) . RNAi has emerged as a powerful tool for probing the function of genes of a known sequence both in vitro and in vivo. Advances in vector design permit the effective expression of siRNA in human cells by transferring short hairpin RNA (shRNA) expression cassettes. Recent studies reported the ability of RNAi to decrease replication of human immunodeficiency virus type 1 (HIV-1) in lymphocytes using siRNA targeting viral (such as tat, gag, rev, env, nef ) (5) (6) (7) (8) (9) (10) (11) and host (such as CCR5, CD4) (12) (13) (14) proteins. Thus, RNAi might potentially be used as a form of genetic therapy for HIV-1 and associated infections. Another type of short RNA, microRNA (miRNA), has also been reported (15) (16) (17) . miRNAs are transcribed from the genome as the primary miRNA and digested by Drosha RNase III enzyme to produce the precursor-miRNA in the nucleus. The precursor miRNA is then transported to the cytoplasm and digested by Dicer to become mature miRNA. The miRNA is incorporated into RISC and binds to the target RNA, similar to siRNA (18) (19) (20) (21) (22) . Since the miRNA has mismatches with the target sequence, translation of the target RNA is suppressed. A large number of miRNAs was recently identified in humans. It is estimated that tens of thousands of miRNAs are coded in the genome, and that these miRNAs control protein expression (18, 23) . miRNAs are important for maintaining cell functions. New short-strand RNAs have also been found (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) . For example, a piwi-interacting RNA binding a piwi subfamily protein is thought to be involved in silencing retrotransposons in fetal male germ cells via DNA methylation of their regulatory regions (34) , whereas endogenous siRNAs from naturally occurring double-stranded RNAs are thought to regulate protein-coding transcripts and retrotransposons in mammalian oocytes (35) . Most small RNAs are coded in the non-coding region of the genome, and the more complex the organism, the larger the non-coding region. Further investigation of the functions of the small RNAs is essential for a better understanding of biological systems.
HIV-1 is the most common pathogenic AIDS virus. HIV-1 infects the immune cells by integrating the viral genome into the host cell genome. Viral proteins are expressed by the integrated genome through the host cell genetic expression mechanisms. Viral particles that bud on the cell membrane are then released from the cells. A packaging signal (Ψ) on HIV-1 mRNA is required for incorporation of the HIV-1 RNA genome into a viral particle when the HIV-1 virus forms on a host cell membrane.
To suppress HIV-1 replication, we constructed a smallguide RNA (sgRNA) expression vector that targets the SL3 of Ψ and evaluated its effect on HIV-1 replication (36) (37) (38) . The sgRNA is approximately 30-nucleotides (nt) long and forms a tRNA-like structure with the target RNA in the nucleus, where it cleaves the target RNA by activating the tRNA processing enzyme tRNAZL (38) (39) (40) (41) (42) .
A plasmid vector with the reverse sequence of the sgRNA and terminator was unintentionally constructed. This reversesequence sgRNA expression vector, pR-Ψ-sgRNA-ter, also inhibited HIV-1 replication (Fig. 1) (43) . The R-Ψ-sgRNA expressed by the pR-Ψ-sgRNA-ter vector is 200 nt long, and, to suppress HIV-1 replication, must contain the reverse sequence of the sgRNA (sgRNA-R), terminator (ter-R), and also the plasmid sequence. The HIV-1 suppressing mechanism of R-Ψ-sgRNA, however, remains unclear. Thus, to elucidate the mechanism of HIV-1 suppression by R-Ψ-sgRNA, we evaluated the potential involvement of RNAi or miRNA.
Materials and methods
Cell culture and transfections. HeLa CD4 + cells were grown in RPMI-1640 medium (Sigma, St. Louis, MO, USA) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 50 U/ml penicillin, and 50 U/ml streptomycin at 37˚C in a 5% CO 2 atmosphere. Transfection was carried out using the FuGENE™ 6 reagent (Roche Diagnostics, Indianapolis, IN, USA) or DMRIE-C (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol.
Plasmid construction.
To construct pR-Ψ-sgRNA-ter, an oligonucleotide consisting of sgRNA and terminator sequences was ligated into the KpnI sites of pL6 vector (38, 44) of pSV2neo (L6) (38) with the tRNA i Met promoter (45) . One side of the oligonucleotide was designed not to be digested with KpnI when the oligonucleotide was ligated to KpnI sites of pL6 vector. pR-GagsgRNA-ter was constructed in the same way as pR-Ψ-sgRNA-ter. A PCR product to construct pR-Ψ-sgRNA-ter-1 was amplified with specific primers (forward, 5'-GGAATTCCAATTCGC AACCTGTGGTAGC-3' and reverse, 5'-GAAGATCTTCC CCCAAAAAAATAAAGCATTTTTTTCACT-3') to pR-Ψ-sgRNA-ter. The forward primer had a KpnI restriction site. The reverse primer had a BglII restriction site. The PCR product was ligated to the KpnI and BamHI sites of the pL6 vector. pL6-ter served as a negative control.
Luciferase assay. The pNL4-3lucΔenv (pNL-luc) was an HIV-1 NL4-3-based vector containing a firefly luciferase gene as a reporter (46) . The nef gene along with some of the envelope gene sequences of the HIV-1 NL4-3 genome were deleted, and the firefly luciferase gene was inserted. pNL-luc (0.1 µg) and either pL6 plasmid pR-Ψ-sgRNA-ter, pR-Gag-sgRNAter, pR-Ψ-sgRNA-ter-1, pter-R+sgRNA-R+ter, psgRNAR, pter-R or pL6-ter serving as a negative control (0.1 µg) were co-transfected with the transfection reagent, FuGENE 6, into HeLa CD4 + cells. A PicaGene kit (Toyo Ink Co., Ltd., Tokyo, Japan) and a Luciferase Assay System (Promega, Madison, WI, USA) were used for the luciferase assay. Two days after transfection, the transfected culture cells were treated with cell lysis buffer. Cell lysate was recovered into 1.5-ml tubes to remove the unused components by centrifugation. Lysate was reacted with luminous substrate and the level of fluorescence was measured on a luminometer (Lumat LB 9507; Berthold Technologies, Bad Wildbad, Germany). The amount of firefly luciferase activity was normalized with reference to the protein concentration of the cell lysate. The protein assay was quantitated using the BCA Protein Assay Reagent kit (Thermo Scientific Inc., Rockford, IL, USA), which is based on bicinchoninic acid (BCA).
RNA synthesis and digestion. The DNA template used to synthesize R-Ψ-sgRNA was amplified with specific primers (forward, 5'-GACTCGTAATACGACTCACTATAGGCAG AACAGCAGAGTGGCG-3' and reverse, 5'-AATAAAGCAT TTTTTTCACTGCATTCTAGT-3') to the pR-Ψ-sgRNA-ter by PCR. The forward primer had a T7 promoter sequence to transcribe the R-Ψ-sgRNA. The amplified DNA template was incubated with T7 RNA polymerase (Invitrogen) and nucleotide triphosphates for 3 h at 37˚C and the synthesized R-Ψ-sgRNA was treated with DNase I (Takara Bio Co., Ltd., Shiga, Japan) to remove the DNA template. R-Ψ-sgRNA was confirmed by 2.0% denatured formaldehyde agarose gel electrophoresis. R-Ψ-sgRNA was incubated with recombinant human Dicer enzyme of BLOCK-iT™ Dicer RNAi kits (Invitrogen) and purified according to the manufacturer's protocol. Digested RNA fragments were confirmed by 15% polyacrylamide gel electrophoresis.
Northern blot analysis. Small RNA (<200 nt) was extracted from pR-Ψ-sgRNA-ter and siRNA-Dicer (0, 10, 20, 30 nM) co-transfected HeLa CD4 + cells using a mirVana™ miRNA Isolation kit, according to the manufacturer's instructions (Ambion, Foster City, CA, USA). siRNA corresponding to Dicer [5'-UGCUUGAAGCAGCUCUGGA(dTdT)-3'] was purchased from Invitrogen. Small RNA 5 µg samples were loaded onto a 15% (w/v) polyacrylamide/7 M urea gel. After transfer to a Hybond-N™ nylon membrane (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA), synthetic LNA/DNA oligonucleotides (5'-biotin-TGGATCCCCGGGTACGTCTCC-3') complementary to the antisense strand of the R-Ψ-sgRNA region (54-75 nt). The membranes were prehybridized for 1 h in North2South hybridization buffer (Pierce) at 55˚C and hybridized overnight to the 5'-biotin labeled LNA/DNA probe (30 ng/ml of hybridization buffer). Four posthybridization washes were carried out at 20 min each at 65˚C with 2X SSC, 1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate-0.1% sodium dodecyl sulfate (SDS). Detection of LNA/DNA/RNA hybrids was carried out using the North2South chemiluminescent detection system (Thermo Scientific Inc.)
RNA sequence analysis. A poly(A) tail was added to the 3' terminal ends of the R-Ψ-sgRNA fragments with poly(A) polymerase (Ambion, Austin TX, USA) and subsequently ligated to a 5' adapter (5'-ACGGAATTCCTCACTaaa-3'; uppercase letters represent DNA, the lowercase letters represent RNA) to the 5' terminals with T4 RNA ligase (New England Biolabs, Ipswich, MA, USA). Reverse transcription was performed with the poly(A)-specific reverse transcription (RT) primer consisting of a continuous T sequence and an additional sequence to convert RNA to DNA. The RT primer was as follows: 5'-CTGATCTAGAGGT ACCGGATCCTTTTTTTTTTTTTTTTTTTT-3'. ReverTra-α (Toyobo Co., Ltd., Osaka, Japan) was used for this reaction. The additional sequence of the RT primer was used to adjust the annealing temperature of the following PCR. The reverse transcripts were amplified with PCR primers specific to the 5' adapter sequence (5'-CAGCCAACGGAATTCCTCACTAAA-3') and the RT primer by PCR. The PCR products were inserted into the cloning vector, pGEM-Easy vector (Promega), for sequence analysis. Sequence analysis was performed with an ABI PRISM 310 Genetic Analyzer (PE Applied Biosystems, Tokyo, Japan) according to the manufacturer's protocol.
HIV-1 p24 assay. For the HIV-1 p24 assay, HeLa CD4 + cells were plated onto 12-well plates (Iwaki Glass, Tokyo, Japan). After 24 h, the medium was replaced with fresh medium and the cells were transfected with small RNA fragments of R-Ψ-sgRNA [(0.5, 0.25 and 0.05 µg) and HIV-1 pNL4-3 (0.05 µg)]. The transfection agents were DMRIE-C (Invitrogen) and FuGENE 6 (Roche Diagnostics). Two days later, HIV-1 gag p24 antigen levels were measured using a chemiluminescent enzyme immunoassay (Lumipulse; Fujirebio, Tokyo, Japan) (47).
Results and Discussion
Inhibition of HIV-1 replication with the reverse sequence sgRNA expression vector. Recently, we demonstrated the inhibition of HIV-1 gene products in cultured cells by inducing HIV-1 mRNA cleavage using a modified 5'-half-tRNA Arg (sgRNA) and mammalian tRNA 3'-processing endoribonuclease (tRNase ZL) (38) . The sgRNA/target HIV-1RNA complex formed a pre-tRNA-like structure with 5'-half-tRNA and a stable hairpin (3'-half-tRNA) structure resembling the T stem-loop region (Fig. 1A and B) . The tRNA met -sgRNA transcript was expressed at high levels and localized in the nucleus. The greatest inhibitory effect on HIV-1 expression was achieved using sgRNA targeting the HIV-1 packaging (Ψ) signal gene (36) (37) (38) . To construct the sgRNA expression plasmid, a pL6 vector, dpSV/neo with a human methionine tRNA promoter (38, 45) , was used to insert the sgRNA and terminator sequences. During this process, pR-Ψ-sgRNA-ter, which has the reverse sequence of the sgRNA and the terminator, was unintentionally constructed (Fig. 1C) . A transient-expression assay was used to test the ability of pR-Ψ-sgRNA-ter to inhibit HIV-1 expression. HeLa CD4 + cells were co-transfected with the sgRNA plasmids and an HIV-1 NL4-3 based-vector containing a luciferase-expression marker (pNL-luc) ( Fig. 2A) (46) , and then HIV-1 suppression was assessed with a single-cycle infectivity assay. HIV-1 NL4-3 based-luciferase activity was recorded using the control plasmid vector pL6-ter with only the tRNA met promoter and terminator sequences, rather than the sgRNA-expression plasmid. R-Ψ-sgRNA-ter showed good inhibition of HIV-1 expression in cultured cells (Fig. 2C) . The contribution of the R-Ψ-sgRNA-ter to the anti-HIV-1 effect was examined by three types of modified R-Ψ-sgRNA-ter plasmids (R-Ψ-sgRNA-ter that did not contain ter-R+sgRNA-R+ter, sgRNA-R or ter-R) as defective pR-Ψ-sgRNA-ters (Fig. 2B) . We also constructed a control R-sgRNA, pR-Gag-sgRNAter containing the reverse sequence of the sgRNA targeting the HIV-1 gag gene (gag initiation codon site) (Fig. 2B) . The luciferase assay indicated that the modified R-Ψ-sgRNA-ter plasmids without the sgRNA-R, ter-R, or plasmid sequence (terR+sgRNA-R+ter) and the control sgRNA, R-Gag-sgRNA-ter did not suppress HIV-1 expression (Fig. 2C) . These results suggest that the R-Ψ-sgRNA-ter sequence is critical to HIV-1 specific expression.
Length of R-Ψ-sgRNA and its inhibitory effect on HIV-1 replication.
The pR-Ψ-sgRNA-ter termination signal sequence was also reversed, and pR-Ψ-sgRNA-ter did not have a terminator. Therefore we could not predict the length of the R-Ψ-sgRNA transcribed from pR-Ψ-sgRNA-ter. To determine the length of the R-Ψ-sgRNA transcribed from pR-Ψ-sgRNA-ter, an RNA sequence analysis was performed. The total RNA of pR-Ψ-sgRNA-ter transfected cells was treated with poly(A) polymerase to add a poly(A) tail to the 3' terminal end of R-Ψ-sgRNA. A PCR primer specific to the transcribed tRNA met promoter sequence and RT primer specific to the poly(A) tail were used for RT-PCR. A cloning vector was used to insert the PCR products, and the sequences were analyzed. RNA sequence analysis revealed that the R-Ψ-sgRNA-ter was 200 nt long ( Fig. 3A and B) . We confirmed that R-Ψ-sgRNA contained sgRNA-R, ter-R, and a plasmid sequence following sgRNA-R. A plasmid vector expressing the R-Ψ-sgRNA-ter-1 (200 nt) sequence was constructed with pL6 vector, and a luciferase assay indicated that the R-Ψ-sgRNA-ter-1 (200 nt) suppressed HIV-1 expression (Fig. 3C) . Size-selected RNAs were electrophoresed in polyacrylamide gels and transferred to nylon membranes. We then hybridized the membranes with a synthetic LNA/DNA oligonucleotide (5'-biotin-TGGATCCCCGGG-TACGTCTCC-3') complementary to the antisense strand of the R-Ψ-sgRNA region (54-75 nt) and detected a 24 bp signal (Fig. 3D, lane 2) not seen in the control-ter-R cells (Fig. 3D,  lane 1) . Furthermore, HeLa CD4 + cells were transfected with pR-Ψ-sgRNA-ter and Dicer-siRNA (334-352 nt, 10-30 nM) and the expected small RNA decreased in a dose-dependent manner (Fig. 3D, lanes 3-5) . These results suggest that the Sequence analysis of the digested RNA fragments. To search for the double-stranded region recognized by Dicer, an RNA sequence analysis was performed. A poly(A) tail and 5' adapter were added to the digested RNA fragments and the RNA was converted to DNA by RT-PCR. A cloning vector was used to insert the DNA fragments and the sequences were analyzed. Most of the RNA fragment sequences existed in two regions of the R-Ψ-sgRNA: the region from ter-R to the anterior sequence of ter-R, which was transcribed initially by the tRNA promoter, and the region from sgRNA-R to the plasmid sequence following sgRNA-R (Fig. 4A) . In addition, the sgRNA-R sequences obtained from the sequence analysis were not present in the sgRNA-R region of the pR-GagsgRNA-ter targeting gag gene. These results, therefore, seemed to be related to the use of defective pR-Ψ-sgRNA-ter and pR-Gag-sgRNA-ter in the assay (Fig. 2) .
The RNA secondary structure of R-Ψ-sgRNA was predicted using the Mfold program (48) and the doublestranded region was searched based on the RNA sequence data obtained from the sequence analysis. The double-stranded region was located between 48 to 140 nt of the R-Ψ-sgRNA, and the presence of sequences of short-strand RNA fragments in this region was confirmed (Fig. 4B) . Furthermore, miRNAs recognize HIV-1 NL4-3 target mRNAs by their hybridization pattern as predicted using the miRNA target scanning algorithm program (49) . The miRNA region was searched based on the 24 nt small RNA shown in Fig. 3D , and the presence of miRNA in the double-stranded region (nucleotides 48-140) of R-Ψ-sgRN was confirmed (data not shown). The double-stranded region had mismatches, indicating that the short-strand RNA fragments include miRNA, but not siRNA.
Digestion of R-Ψ-sgRNA with Dicer. We hypothesized that the secondary structure of the R-Ψ-sgRNA had double-stranded regions that may be recognized by the Dicer RNase III enzyme, which produces the 24 nt long RNA fragments that are important for RNAi and miRNA. To examine whether the HIV-1 suppression mechanism of R-Ψ-sgRNA involved RNAi or miRNA, R-Ψ-sgRNA was synthesized in vitro and digested with Dicer (50) . The size of the digested RNA fragments was confirmed with 15% polyacrylamide gel electrophoresis (Fig. 5A and B) . Short-strand RNA fragments inhibit HIV-1 replication. To test the inhibitory activity of the short-strand RNA fragments on HIV-1 replication in a transient assay, an HIV-1 expression plasmid (pNL4-3) and the short-strand RNA fragments were transfected into HeLa CD4 + cells. The virus production in the culture supernatant was monitored with the HIV-1 p24 antigen (HIV-1 gag gene product) assay. The results of the HIV-1 p24 assay indicated that these RNA fragments had anti-HIV activity and suppressed HIV-1 replication. Furthermore, our analysis revealed that the short-strand RNA fragments dosedependently inhibited HIV-1 replication (Fig. 5C) . These results suggest that the short-strand RNA fragments have a miRNA-like effect on the HIV-1 virus.
In conclusion, the short-strand RNA fragments (24 nt long) of R-Ψ-sgRNA cleaved using the Dicer enzyme exhibited anti-HIV-1 activity. The sequences of these RNA fragments were analyzed to determine the critical sequence for the anti-HIV-1 activity. These findings suggest that R-Ψ-sgRNA acts as a miRNA to inhibit HIV-1.
